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1 INTRODUCTION 
The subject section of Lawrence Hargrave Drive 
(LHD) is situated in the northern suburbs of Wol-
longong between Coalcliff and Clifton in New South 
Wales (NSW) Australia (Fig. 1). This section of the 
road has a history of severe embankment instability, 
rock fall, debris slide and debris flow problems.  The 
site was rated by the NSW Roads and Traffic Au-
thority (RTA) as the highest for slope instability risk 
to roads in NSW.  On August 29th, 2003, the NSW 
Minister for Roads closed the road for safety reasons 
and an Alliance was formed between the RTA, Bar-
clay Mowlem, Coffey Geosciences and Maunsell to 
develop an engineering solution to reduce the risk to 
‘acceptable’ levels.  The road is to be closed for a 
period of 2.5 years while the reconstruction takes 
place.  
The objectives of this paper are to outline:  
 The geology and geomorphology of the site; 
 The results of studies on the history of landslides 
affecting the road; and 
 How the historical and site information contrib-
uted to development of a landslide process rate 
model utilized in a quantitative risk assessment 
developed for the project. 
2 SITE DESCRIPTION AND  PREVIOUS WORK 
In the area between Clifton and Coalcliff, Lawrence 
Hargrave Drive has been constructed approximately 
20 m to 45 m above sea level through a coastal es-
carpment environment consisting of steep cliffs that 
rise to a height of some 300 m to the north-west 
(Fig. 2). 
Aggressive marine weathering and erosion has 
undercut the escarpment and induced instability 
problems. Over the closed section of the road the 
coastline has two prominent bays with their associ-
ated headlands (Fig. 2).  
These features were used to subdivide the site 
into five geotechnical domains by GHD (2002): 
 GD1 – Southern Headland. 
 GD2 – Southern Amphitheatre (Bay). 
 GD3 – Middle Headland. 
 GD4 – Northern Amphitheatre (Bay). 
 GD5 – Northern Headland. 
2.1 Previous geotechnical investigations 
A number of geotechnical investigations have been 
conducted since the road opened in 1878.  The earli-
est studies were conducted as part of a government 
initiative concerned with general
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Figure 1. Location of subject area, regional geology (above) and main geomorphological features (below). 
 
 
Figure 2. Aerial photograph looking south along the coast taken in November 1967.  Main features include: I Escarpment marked by 
top of Hawkesbury Sandstone cliffs; II Typical coastal plain and profiles developed south of site - note gradual truncation of coastal 
plain towards front of photo; III Bulgo Sandstone cliffs; IV Stanwell Park Claystone slopes; V Scarborough Sandstone cliffs; VI 
Wombarra Claystone slope below road; VII Colluvial fans; VIII Coalcliff Sandstone cliffs and old coal loading platform-Bulli Coal 
seam marked by dark band; IX large Hawkesbury Sandstone boulders on upper Bulgo slope; X Talus accumulation on Stanwell Park 
Claystone. Note wave cut platforms. Geotechnical domains GD1-5 are also shown. Photo courtesy of RTA. 
 
instability in the region (Department of Railways, 
1935). The first detailed engineering geological in-
vestigations of LHD were conducted for the then 
Department of Main Roads (DMR) in the 1940s. A 
number of reports suggested large scale rock scal-
ing and construction of rock fall shelters at danger-
ous points as possible solutions to deal with the 
problem of rock falls (DMR-58-1201, DMR 58-
1202). 
Between 1949 and 1952, L.L. Waterhouse was 
engaged by the DMR to provide a detailed geo-
logical assessment of the area between Coalcliff 
and Clifton. Waterhouse divided the site into a 
number of geomorphic domains of similar extent 
to the current studies. The report documented first 
hand accounts of a rock fall that impacted a truck 
in GD2 during a rain storm in 1949 and storm 
damage in 1950 (Waterhouse 1952).  
A route selection study was undertaken by the 
DMR in 1967 following a road closure due to rock 
avalanches in November 1967 (Fig. 3). 
Recent studies and investigations conducted be-
tween 1998 and 2003 include RTA slope risk as-
sessment, remediation reports and quantitative risk 
assessments (eg. RTA, 1998) , and studies by GHD 
(GHD 2002) and URS (URS 2003). 
 
3 GEOLOGY AND GEOMORPHOLOGY 
3.1 Geology 
The project area is situated on the southeastern 
margin of the Permian-Triassic Sydney Basin. The 
geological sequence of the southern Sydney Basin 
comprises an essentially flat-lying sequence of in-
terlayered sandstone, mudstone and coal of the Il-
lawarra Coal Measures, overlain by interbedded 
sandstones and mudstones/claystones of the Narra-
been Group and the upper quartzose Hawkesbury 
Sandstone (Bowman 1974). Local stratigraphy is 
shown in Figure 1. A cross section is in the com-
panion paper by Wilson et al. (in prep). Folding 
has not had a major affect in the area and bedding 
generally dips between 0 and 5º to the northwest.   
 
 
 
Figure 3. Front page article from the South Coast Times, 2 
November, 1967 reporting on a rock avalanche from the 
Bulgo Cliffs in GD2. The road was closed for two months as 
a result, due to safety concerns and remedial works. 
 
Continental rifting commenced approximately 
90 km east of the present coastline approximately 
70 million years before the present (mybp) during 
the initial opening of the Tasman Sea (Muller et al. 
2001). This also dates the initial formation of the 
coastal margin that has retreated to form the es-
carpment of today. 
Three significant syn-depositional normal faults 
(shown on Figure 1) affect the bedrock sequence at 
the site. The throws at sea level vary between 5m 
and 60 m. The faults die out upwards and laterally. 
There are also other normal faults, some of which 
are visible in the cliffs and affect the topography.  
Two sub-vertical joint sets dominate in the area; 
these are oriented at approximately 030 and 170-
180 and are best observed on the wave cut plat-
forms. The joints have played an important role 
shaping the orientation of the escarpment and the 
main bays and headlands of the site. 
Significant accumulations of colluvium are pre-
sent on the site and comprise a mix of rocky debris 
with some extremely large boulders and smaller 
clasts derived from the sandstone, mudstone and 
siltstone units. The thickest deposits are in the two 
amphitheatres GD2 and GD4. In GD4 at least 40 m 
of material has accumulated in colluvial fans that 
extend to the sea from near the top of the Scarbor-
ough Sandstone cliffs (VII in Fig. 2).  Thinner de-
posits occur on the Wombarra Claystone slope be-
low the road and the Stanwell Park Claystone and 
Bulgo Sandstone slopes above the road. Where the 
road runs directly over the colluvium there has 
been a history of debris slides that is exacerbated 
by marine erosion as the toe of the fan is eroded.  
There are coal workings (Bulli Seam visible in 
Fig. 2) which undermine parts of GD1. 
3.2 Geomorphology 
A geomorphology map is shown in Figure 1.  Fig-
ure 2 provides an overview of the site, circa 1967. 
From a regional perspective, the basic geomor-
phological features of the area comprise: 
 The Woronora Plateau (300 m – 500 m high) 
that is deeply dissected,  
 A steep escarpment, which defines the eastern 
edge of the plateau and contains the subject site 
(I in Fig. 2); and 
 A well developed coastal plain to the south (II 
in Fig. 2) that supports the city and suburbs of 
the city of Wollongong.  
The escarpment is retreating to the west under 
the natural influences of slope forming processes 
and locally more aggressive coastal processes. 
To understand slope processes and thereby as-
sess landslide hazard, it is essential to place the 
landscape into context with respect to its age. The 
Woronora Plateau surface dates from the Eocene 
(Young & MacDougall 1985). It consists of a ma-
ture peneplain generally developed on the 
Hawkesbury Sandstone and deeply dissected with 
inherited drainage patterns, and tilted to the north 
during the Pliocene up to 5 mybp (Branagan & 
Packham 1967). 
The crest of the escarpment in the project area is 
about 300 m from the coast, 320 m high, and the 
heavily truncated escarpment slopes and cliffs are 
subject to active marine weathering and erosion 
and active slope evolution processes. The escarp-
ment trends slightly inland and 7.5 km to the south 
(at Thirroul) is 2 km inland. Here, the lower slopes 
of the escarpment flatten out onto the coastal plain. 
This point is shown clearly in Figure 2. This over 
steepening or foreshortening of the escarpment 
north of Thirroul and particularly at the subject site 
is important with respect to escarpment retreat 
rates (discussed below) and landslide process rates 
(Moon et al., in press). 
3.3  Sea level fluctuations 
Sea level fluctuations brought about by the glacial/ 
interglacial periods (sea level low/high periods re-
spectively) have had a significant effect on the 
evolution of the Illawarra escarpment. Sea levels 
are known to have reached near present levels ap-
proximately 6400 ybp, possibly reaching 1-2 m 
above that level shortly thereafter for a thousand 
years or so (Baker et al. 2001). A glacial maxima 
from 17000 to 25000 ybp saw the sea levels drop 
up to 140 m below the present day level. At the 
end of this glacial maxima, a marine transgression 
across the continental shelf occurred whereby the 
sea level rose to the present level (Chappell & 
Shackleton, 1986). Prior to this last glacial maxima 
the sea level was again near or slightly above its 
current level. This cyclic variation of sea level is 
known to have occurred many times during the 
Quaternary (Chappell & Shackleton 1986).  
The wave cut platforms in the project area and 
elsewhere on the coast are likely to have developed 
during interglacial sea level highs and been cov-
ered by colluvium during periods of lower sea 
level. Brooke et al. (1994) have dated last intergla-
cial deposits on a platform south of the site. 
3.4 Escarpment retreat rates 
Slope erosion processes on the escarpment are ac-
tive under present climatic conditions and may 
have been even more active during cooler, drier 
periods (Nott et al. 2001). Marine erosion during 
periods of high sea level (in present and past inter-
glacials) locally triggers increased erosion where it 
undercuts the escarpment (as in the project area). 
The 90 km retreat of the escarpment in 70 mil-
lion years provides an average escarpment retreat 
rate of 1.3 m per 1000 years. Young & MacDou-
gall (1985) quoted rates of erosional scarp retreat 
of between 0.012 to 0.025 m per 1000 years for the 
Sassafrass Plateau (150 km distant from the subject 
site in a similar geological setting).  Young (1983) 
previously estimated a significantly higher rate of 
erosional scarp retreat of 1 m per 1000 years under 
humid temperate climates. 
The University of Wollongong Landslide Inven-
tory (Flentje 1998, Chowdhury & Flentje 2002) 
has provided a useful source of information for this 
discussion. During this project the following rates 
of escarpment retreat have been estimated: 
 0.2 m per 1000 years on the basis of summed 
volume of all the slides and flows in the data-
base, which have occurred over a period of 123 
years; 
 0.8 m per 1000 years considering only the slides 
on the oversteepened area of the escarpment 
north of Thirroul (based on average inclinome-
ter monitored rates of slide movement); 
 0.14 m per 1000 years due to debris flows on 
the upper escarpment slopes (in the vicinity of 
Bulli Pass); 
 0.3 m per 1000 years regional retreat of the 
Hawkesbury Sandstone cliff line based on all 
the known non-mine subsidence related rock-
falls from 55km of escarpment; and 
 0.3 m – 2 m per 1000 years rate of retreat of the 
Hawkesbury Sandstone cliff line in the over-
steepened area of the escarpment north of Thir-
roul. 
3.5 History of landsliding 
Historical records of landslide damage at the site 
were derived from RTA and local government 
photo and record archives, newspaper articles, 
mining records and reports, coroners court reports, 
and a range of other sources.  More than 103 land-
slide events are on record and a summary of major 
events is listed in Table 1. 
Many of these are complex events involving 
multiple landslides with varied modes of failure. 
The 1950 event for instance, involved numerous 
debris flows (Fig. 4), a number of rock falls, em-
bankment failures and retaining wall failures in 
GD1 and GD5.  
 
 
 
Figure 4. Debris flow south of GD1 during intense rain storm 
in April-May 1950. 
 
Twelve incidents involving landslides interact-
ing with vehicles or people were identified be-
tween 1913 and 2002. Of these, six involved direct 
impacts of rocks with cars and one person (in 
1913) from rocks in GD2 or GD3. Two incidents 
involved cars running into rocks in GD2, one in-  
 
volved a collision between a motorcycle and a 
small rock in GD3 and another involved a car 
plunging off the road edge into the ocean. The later 
(in 1963) was partly attributed to a developing em-
bankment failure in GD3. Two events involved 
cars being stopped by rocks or debris flows and 
then being subsequently hit by falling rock. RTA 
experience suggests many other instances may 
have gone unreported. 
RTA and DMR records were also scrutinized to 
assess the sum of money spent repairing the road. 
While incomplete, the records indicate that since 
1941 the NSW Government has spent about $19-
26M AUD (2003 equivalent) on reconstruction, 
repairs and slope remediation works including: 
erosion protection, scaling, rock bolting, retaining 
walls and  rock fall berms and fences.  
 
 
4 FAILURE MECHANISMS 
4.1 Rock falls from overhangs 
Rock falls are initiated by erosion of weaker mate-
rial underneath a more competent sandstone bed. 
As toe support is lost, blocks begin to detach along 
successively higher bedding planes.  
 
 
Figure 5. Clean up after rock fall in GD2 in 1931. Boulders 
on road are typical of those from the Bulgo cliffs. Scarbor-
ough Sandstone cliffs in background. 
4.2 Cliff collapse  
Toppling does not seem to be the main failure 
mechanism of large jointed slabs of Scarborough 
Sandstone in GD1. Rather, the driving process ap-
pears to be shear failure in weaker rocks at the toe 
(Evans 1981). This process appears to have been 
responsible for a 90 m3 rock fall from the Scarbor-
ough cliffs in GD1 in 1987 (Fig. 6). 
  
Table 1 Major landslides events affecting the site 
 
DATE OF 
EVENT 
RELATIVE 
RANK OF 
EVENT 
DESCRIPTION OR  “NEWSPAPER COMMENT” OF 
EVENT 
RAINFALL INFORMATION (1) 
 
Jan. 1879 13 “200tons of earth and rock in GD2 255 mm(w) 
Mar. 1894 5 “Hundreds of tons of rock” 355 mm(w) 
Mar. 1913 4 “At times the road is completely blocked with thousands 
of tons of debris”.   
221 mm(w), 975 mm(w) three 
months 
Dec. 1920 10 “Heavy rain with slump below the road onto Boiler House 
and road closed for 3 days” 
433 mm(w) 
May 1921 8 “100 tons of rock” 300 mm(w), 638 mm(two months) 
1931 12 “50 tons of boulders on road” in GD2 (Fig. 5) No month known recorded 
June 1943 2 Below road tension crack in GD2. Failures onto road. 708 mm(c) and 1st rank monthly 
July 1949 7 “50 tons of rock on road”. Photo indicates about 200m3 of 
debris. 
471 mm(c) and 6th rank monthly 
April 1950 1 “Huge landslide covered the road at southern end”. Photos 
of mudflows south of GD1 and damage in GD2.  Rock 
falls in GD2, Retaining wall collapse GD5. 
623 mm(c) and 2nd ranked monthly 
and 1st ranked three monthly 
Feb. 1958 11 “150 ton rock fall” 416 mm(c) 14th ranked monthly. 
May 1963 9 “hundreds of tons of debris fell into the sea” road closed 
for 1 day. 
391 mm(c) 21st ranked monthly and 
4th ranked three monthly. 
Nov. 1967 6 Major rock fall (boulder flows) in GD2 (Fig. 3) and lesser 
in GD4.  Estimated volume of 1000 m3 (150 m3 reaching 
the road). Road closed for two months for works, in GD2 
and GD5. 
283 mm(c) 36th ranked monthly and 
26th ranked three monthly 
Sept. 1987  Slab failure in GD1 involving Approximately 90 m3. Road 
closed. 
Not significant 
April 1988 3 Mudflows in GD1 and 2 and GD4, GD2 embankment fail-
ure. Road closed for 6 months for major reconstruction. 
612 mm(c) 3rd ranked monthly and 
10th ranked three monthly 
July 2003 14 Embankment failure in GD2 Not significant 
(1) Monthly Wollongong (w) or Monthly Coledale (c) with ranking from 1930 and 3 monthly rainfall 
 
4.3 Toppling 
The influence of root jacking from vegetation on 
the cliff face can produce toppling failures from 
the Bulgo and Hawkesbury Sandstone cliffs. The 
later have been described in detail by Evans 
(1981). 
 
 
 
Figure 6. Toe failure below a large slab of Scarborough 
Sandstone from cliffs in GD1 in 1987 about 90 t of rock. 
4.4 Boulder Rolls-Slides 
Slopes above the Bulgo and Scarborough cliffs 
contain an assortment of boulders ranging up to 
20 m in diameter (see Fig. 2). Shapes vary from 
flat and slab like to rounded cubes. 
4.5 Rock falls from cliff crests 
The material on the cliff crests comprises highly 
weathered residual rock and soil held together by 
tree roots. These areas produce small rock falls that 
break up readily in transit and probably do not 
reach the road. They could trigger larger rock falls 
lower down the slope as they bounce off the cliff 
face.  
4.6 Debris flows 
Debris flows are frequent in the Illawarra region. 
They typically develop in areas of colluvium ac-
cumulated on slopes below cliff lines. Major debris 
flows were recorded in GD1, GD2 and GD4 in 
1950 and 1988. A small (about 200 m3) debris flow 
occurred during our investigation in April of 2003 
and provided important information about potential 
impact energies, volumes and run out distances. 
4.7 Embankment failures 
Rotational and translational slides are common in 
shallow colluvium below the road. Colluvium in 
GD2 and GD4 has been subject to long lasting ro-
tational failures. Failures in GD1 and GD2 in 1988 
were the subject of costly repairs. The failure in 
GD2 has been active since the road was opened 
and started moving again in 2003 and was a con-
tributing factor in the decision to close the road.  
4.8 Trigger mechanisms 
Triggers include rain, wind, diurnal temperature 
variations, rock falls from above triggering rock 
falls below, animals (eg goats, deer), vegetation, 
micro tremors from passing traffic, trains and 
waves, climate cycles, lightning and earthquake. 
Excessive rain is the most important factor in 
triggering debris flows and rock falls. All major 
debris flow and embankment failures occurred dur-
ing or just after major rainstorms. Comparison of 
rain and rock fall data by an RTA sponsored study 
(URS 2003) indicates that between 36% and 40% 
of rock falls occurred within 24 hours of a cumula-
tive rainfall of 35 mm.  Other triggers can produce 
rock falls with little or no warning.  
 
5 SLOPE HAZARDS BY GEOTECHNCIAL 
DOMAIN  
5.1 GD1 
GD1 is dominated by 30 m high vertical cliffs of 
Scarborough Sandstone. Major joint sets break the 
cliff up into a number of large slabs approximately 
20 m across, 2-4 m thick and 30 m high. These 
large slabs rest on a thin (5-6 m) horizon of Wom-
barra Claystone  (Fig. 7). 
 
 
 
Figure 7. View of GD1 circa 1941 showing large slabs and 
pillars developed in Scarborough Sandstone. The large slab 
above the car was referred to as the “elephant’s ear” and was 
removed during scaling work in the same year. Otford Sand-
stone forms cliffs at road level. Bulgo Sandstone cliffs in 
background.  Compare with similar view in Fig. 8. 
 
The main hazard in GD1 is from rock falls from 
the Scarborough Sandstone cliffs. Rock falls from 
the Otford Sandstone cliffs (at road level) and 
small debris flows from the Stanwell Claystone 
slope above the cliffs also occur.  
There are two main failure mechanisms for rock 
falls from the Scarborough Sandstone cliffs: falls 
up to about 20 m3 from overhangs and collapse of 
large jointed slabs up to 2500 m3 (see Fig. 6).  
 
5.2 GD2 
GD2 consists of an east facing bay 300 m long, 
100 m deep.  The Bulgo Sandstone cliff is the most 
prominent feature in the zone (Fig. 8). It has a 
maximum height of 80 m in the center of the do-
main. Above this a steep wooded slope rises 110 m 
at about 35o to 40o the foot of the Hawkesbury 
Sandstone cliffs.  
 
 
 
Figure 8. View looking at Scarborough and Bulgo Sandstone 
cliffs in GD1 and GD2, December 2003. Note changes since 
1941 view shown in Fig. 7. 
 
Below the Bulgo cliff line are steep (35o) 
slopes, 50 m high in Stanwell Park Claystone gen-
erally covered by colluvium 2 – 3 m in thickness. 
Gullies on the slope act as channels for boulders 
and debris flows. The Scarborough Sandstone 
forms cliffs 30 m high that overlook the road that 
is constructed mainly on a thick colluvial fan that 
descends to sea level (see Fig. 1 and 2). 
GD2 is exposed to hazards from all slope units 
and was the highest risk area to road users prior to 
closure. The main hazards include: 
 Rock avalanches ranging from about 150 m3 up 
to about 6000 m3 from the Bulgo cliffs produc-
ing individual boulders up to about 20-30 t. 
 Individual rock falls from the Bulgo cliffs up to 
about 20 m3 but generally in the range 0.5 to 
8 m3 (see Fig. 5). 
Debris flows from the Stanwell Park Claystone 
slope range up to 3600 m3 however multiple fail-
ures could occur and a feasible multiple event sce-
nario over the next 100 years might involve mobi-
lisation of 10000 m3 of rock and soil.  
 
5.3 GD3 
GD3 consists of a prominent rounded headland 
overlooking a wave cut platform in Coalcliff Sand-
stone. The main hazard is from large rock falls 
typically up to about 20 m3 from the 30 m high 
cliffs of Scarborough Sandstone (Fig. 9). There 
also remains some potential for large slab failures 
involving about 2000 m3 of material similar to 
GD1.  
 
 
 
Figure 9. Rock fall from Scarborough Sandstone cliffs in 
GD3, 16 January 2002. This boulder hit a car traveling in the 
adjacent lane forcing the car into the guard rail. 
 
5.4 GD4 
GD4 comprises a bowl shaped bay 150 m wide, 
150 m high, 200 m deep. Cliffs to 50 m high 
formed in Bulgo Sandstone are the main feature 
and source of most rock falls and debris flows 
(Fig. 2).  A thick accumulation of colluvium buries 
the lower part of the slope and extends over a bur-
ied rock shelf to the sea. 
The major slope hazards in GD4 include:  
 Rock falls from the Bulgo cliffs, which may 
occur as individual boulders up to 8 m3 or as 
larger scale cliff collapses involving up to 
about 1000 m3; and  
 Debris flows from Stanwell Park slopes, that 
may occur as individual flows (200 to 600 m3) 
or as multiple flows within a single rainstorm 
event involving up to 6000 m3.  
5.5 GD5 
GD5 is similar to GD3 comprising near vertical 
cliffs in Scarborough Sandstone and Otford Sand-
stone separated by a thin interval of Wombarra 
Claystone (Fig. 10) that overlook a headland de-
veloped in Coalcliff Sandstone. However, the slope 
above the cliffs is relatively flat with little to no 
Stanwell Park Claystone present (see Fig. 2).  
 
 
 
Figure 10. View looking north at GD5 headland May 1963. 
The photo shows the blocky like nature of the Scarborough 
Sandstone cliffs (quite different to the slabs developed in 
GD1). The Otford Sandstone forms a cliff below this being 
undermined by erosion of the Wombarra Claystone. This 
slope is currently protected by concrete blocks installed in 
1969. The embankment failure below the road (below the 
passing car) is adjacent to a similar scale failure that occurred 
in 1950 and was repaired with the concrete retaining wall. 
 
The major slope hazards in GD5 include rock 
falls from the Scarborough and Otford Sandstone 
cliffs that may occur as individual boulders or 
large scale cliff collapses. Debris flows up to 30 m3 
can occur from the Wombarra Claystone slope 
above the road. 
 
Significant hazard reduction has been achieved  
in GD5 by blasting and extensive scaling work in 
1967. However large rock falls generally involving 
single boulders up to 2 m3 still impact on the road 
from the overhanging Scarborough and Otford 
cliffs. Smaller rock falls in the range 0.3-1.0 m3 are 
quite frequent. 
 
 
6 LANDSLIDE PROCESSES, RISK AND 
REMEDIATION 
6.1 Landslide driving processes 
The slope hazards are driven by marine erosion 
that is over-steepening the slopes below the es-
carpment. In simple terms, marine erosion is re-
moving the lowermost geological units (i.e. the 
Bulli Coal Seam and Wombarra Claystone), which 
leads to toppling failures of the overlying Coalcliff 
Sandstone. This in turn leads to over-steepening of 
the overlying Wombarra Claystone that fails by 
landsliding. And so the process is repeated up the 
slope to the Hawkesbury Sandstone at the crest of 
the escarpment. The processes are further driven 
by differential erosion and undercutting of the 
claystone intervals within the major sandstone 
units, these lead to rock falls from the sandstone 
units.  Not all rock falls impact directly on the road 
or below. A significant amount of material accu-
mulates on the intervening slopes below the vari-
ous cliffs and is transported down slope in debris 
flows. Excavation to form the road has both re-
moved material from the Wombarra Claystone, 
and resulted in accelerated regression of the Wom-
barra Claystone, and subsequently the Otford and 
Scarborough Sandstones.  It is considered the cliffs 
are still reacting to the excavation to form the road. 
6.2 Process rate and size frequency models 
At Lawrence Hargrave Drive knowledge of slope 
retreat rates and landslide history and failure 
mechanisms were bought together to develop size 
frequency models for each slope unit (some de-
scribed in Moon et al., in press).  
Landslides are very frequent in the project area 
(a number occurred during the investigation) and 
there was a lot of evidence with which to calibrate 
judgements about the frequency of the smaller 
events. This included detailed records of rock falls 
into the catch ditch (Fig. 11) and other parts of the 
site. 
 
 
 
Figure 11. GD2 catch ditch (upgraded in 2002). Material in 
the ditch accumulated between July, 2003 and March, 2004.  
 
The historical research was helpful in establish-
ing the frequency of larger events and establishing 
recent erosion rates by comparing historical and 
recent photographs (eg. Fig. 7 and 8). The histori-
cal research along with regional knowledge (Sec-
tion 3 and Moon et al., in press) was helpful in es-
tablishing the overall slope retreat rate (total 
volume of landslides).  
6.3 Quantitative risk assessment and risk 
reduction measures 
Wilson et al. (in prep) explain how the size and 
frequency models were used in a quantitative risk 
assessment (QRA) for LHD. In the analysis, 
judgements had to made about the percentage of 
each landslide reaching the road and how much 
material accumulated on flatter slopes before fail-
ing. The process rate and size frequency model al-
lowed the slope hazards to be incorporated into the 
QRA early in the project. Changes in the model 
could be made rapidly as new data became avail-
able.  
The proposed risk mitigation measures are de-
scribed by Wilson et al. (in prep). The risk in most 
of GD1, GD2 (below the highest Bulgo cliff) and 
GD3 will be largely avoided by two bridges. Stabi-
lisation, remediation and protection measures 
elsewhere include a debris containment bund in 
GD4, rock anchors, draped mesh and rock fall 
fences. 
 
7 CONCLUSIONS 
Assessment of hazards at LHD incorporated the re-
sults of a detailed study of historical landslides, 
identification of hazards currently on the slopes 
and an assessment of regional geological and geo-
morphological factors to build a process rate model 
for the entire site and for individual slope units. 
The process rate model allowed slope processes for 
individual slope units to be incorporated into a 
quantitative risk assessment developed for project.  
The project highlights the need to take a holistic 
approach to hazard identification that considers not 
only what has happened in the past but also what 
could happen in the future.  
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